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ABSTRACT
We use the technique of total satellite luminosity, Lsat, to probe the dark matter
halos around active galactic nuclei in the SDSS Main Galaxy Sample. Our results focus
on galaxies and AGN that are the central galaxy of their halo. Our two AGN samples
are constructed from optical emission-line diagnostics and from WISE infrared colors.
Both optically-selected and WISE-selected AGN have Lsat values twice as high as
non-active galaxy samples when controlling for stellar mass and mean stellar age. This
implies that the halos are twice as massive, but we cannot rule out that the increase
in Lsat is due to these AGN residing in younger halos at the same mass. When only
controlling for host galaxy stellar mass, WISE-selected AGN also have higher Lsat
values than optical AGN at the factor of two level, consistent with previous results
comparing the clustering of obscured and unobscured AGN. However, controlling for
stellar age in the two populations of host galaxies removes half of this difference,
attenuating the statistical significance of the difference. We perform permutation tests
to quantify the different in the halo populations of each sample. The difference in star
formation properties does not fully explain the difference in the two AGN populations,
however. Although AGN luminosity correlates with mean stellar age, the difference
in stellar age between the WISE and optical samples cannot be fully explained by
differences in their AGN luminosity distributions.
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1 INTRODUCTION
Since the discovery of active galactic nuclei (AGN), the myr-
iad classifications of AGN have expanded as data from dis-
parate wavelengths have become available. But as the taxon-
omy of observational categories has expanded, progress has
been made in unifying these varying observable properties
into physical models of AGN activity (e.g., Antonucci 1993;
Netzer 2015). The unified model of AGN posits the exis-
tence of a dusty torus around the supermassive black hole,
the presence of which makes the observed properties of an
AGN highly dependent on the inclination angle of the ob-
servation, even though the physical properties are the same.
This model provides a natural explanation for two popula-
tions of AGN, one that exhibits minimal dust attenuation
and is thus detected through optical data, and one of highly
obscured systems that are identifiable at infrared (IR) wave-
lengths.
The advent of large IR surveys, most notably the Wide-
Field Infrared Survey Explorer (WISE; Wright et al. 2010),
has created statistical samples of dust-obscured AGN that
presents a complementary test of the unified model. If ob-
scured and unobscured AGN only differ in their inclination
with respect to the observer, then these two samples of ob-
jects should exhibit identical spatial clustering, implying
they occupy the same set of dark matter halos. Although
not all clustering studies agree, most have found a stati-
cally significant difference in the bias1 b, of dust-obscured
and unobscured AGN samples such that obscured AGN have
higher clustering and thus occupy higher masses dark mat-
1 We define bias as b2 = ξ/ξm, where ξ is the autocorrelation of
the sample and ξm is the correlation function of matter distri-
bution. When measured at large scales, r & 10 h−1Mpc, b can
be converted to halo mass assuming linear bias and a model of
how linear bias scales with Mh (e.g., Sheth & Tormen 1999; Tin-
ker et al. 2010; McClintock et al. 2019). Also when measured at
large scales, this b is equivalent to that measured using cross-
correlations of the tracer sample with the matter instead of auto-
correlations.
c© 0000 The Authors
ar
X
iv
:2
00
8.
04
94
1v
1 
 [a
str
o-
ph
.G
A]
  1
1 A
ug
 20
20
2 Alpaslan & Tinker
ter halos (Hickox et al. 2011; Donoso et al. 2014; DiPompeo
et al. 2014, 2016; Mendez et al. 2016; DiPompeo et al. 2017).
DiPompeo et al. (2017) used WISE data and Planck CMB
data to measure both quasar clustering and CMB lensing by
quasars. They found that obscured AGN have higher clus-
tering than unobscured at the 4σ level, yielding a factor of
three difference in the inferred halo masses.
Mendez et al. (2016) used PRIMUS and DEEP2 data
at z ∼ 0.7, and thus spectroscopic redshifts, to analyze
a smaller sample of AGN at lower luminosities. Mendez
et al. (2016) found no statistical difference in the cluster-
ing of obscured and unobscured AGN, albeit with errors
larger than the stated difference in halo masses found by
DiPompeo et al. (2017). Due to the lower AGN luminosity,
Mendez et al. (2016) was able to control for sample selec-
tion effects that plague comparisons between different AGN
classes. More generally, their bias differences for samples of
X-Ray, IR, and radio-selected AGN were consistent with
the differences in the host galaxy stellar masses and star-
formation properties.
In the local universe, clustering studies of X-ray se-
lected AGN have produced conflicting results. Cappelluti
et al. (2010) measured AGN autocorrelations, finding a lower
clustering amplitude for obscured sources relative to un-
obscured. However, Krumpe et al. (2018), cross-correlating
AGN sources with 2MASS galaxies, find no evidence for a
difference in large-scale clustering amplitude. They did find
that the overall AGN sample was less clustered than the
reference galaxy sample, but this sample did not control
for selection effects. Li et al. (2006) cross-correlated AGN
identified from SDSS spectra with reference SDSS galaxy
catalogs. These samples did control for AGN selection ef-
fects, and still found that AGN were less clustered than the
general galaxy population.
In this paper, we present a probe of dark matter halos
around AGN that is complementary to the clustering tests.
Using a sample of central galaxies2 in the Main Galaxy Sur-
vey (MGS) of the Sloan Digital Sky Survey (Strauss et al.
2002), Tinker et al. (2019a) and Alpaslan & Tinker (2019)
cross-correlated the spectroscopic MGS central galaxies with
faint imaging data to measure the total amount of luminos-
ity in satellite galaxies around them. Hierarchical clustering
in ΛCDM, combined with simple prescriptions for mapping
galaxies onto dark matter halos, predicts that this quan-
tity, Lsat, should scale strongly with host halo mass (Tinker
et al. 2019a). Although it is not a direct observable of the
gravitational potential around a galaxy, like weak lensing or
satellite kinematics, Lsat is an indirect probe of the halo that
affords a much higher signal-to-noise measurement than di-
rect observables. Thus this quantity is more effective with
small samples of galaxies, such as AGN.
Lsat is complementary to clustering in multiple ways.
First, it is simply an independent quantity uncorrelated with
the large-scale two-point correlation function. By the nature
of our sample construction, we only analyze central galaxies,
removing satellite galaxies from consideration. This makes
2 We define a central galaxy as the galaxy located at the center
of the host dark matter halo. Satellite galaxies are those located
within the host halo but not at the center. A host halo is one that
is not located within the virial radius of any other halo.
the interpretation of the inferred halo masses more clear.
Second, Lsat breaks degeneracies with halo properties that
affect clustering apart from halo mass. The implicit assump-
tion in the clustering studies cited above is that the con-
nection between AGN properties and dark matter halos is
confined only to the mass of the halo—i.e., more massive ha-
los cluster more strongly, thus differences in b imply differ-
ences inMh. However, it is well-known that halo clustering is
highly dependent on other properties apart from mass. This
effect is referred to as ‘halo assembly bias (see, e.g., the re-
view by Wechsler & Tinker 2018 and references therein). For
example, at fixed Mh, early-forming halos show significantly
enhanced clustering relative to their late-forming counter-
parts. Thus, the enhanced clustering of dust-obscured AGN
may be driven by the formation history of the halos they
occupy, rather than the halo mass. This would still support
the interpretation that dust-obscured AGN are distinct from
optical AGN, but the connection with the dark sector—and
thus possible evolutionary scenarios—is markedly different.
The connection to Lsat is that, in addition to impact-
ing clustering, early-forming halos have significantly less
substructure as well. For example, if the elevated bias in
DiPompeo et al. (2017) is to due assembly bias, Lsat for
dust-obscured AGN would be suppressed relative to opti-
cal samples, and suppressed relative to the overall sample
of non-AGN galaxies. On the other hand, if the enhanced
clustering is truly due to the halo mass, the Lsat would be
enhanced as well, by roughly the same factor as the Mh.
We will show Lsat results for three different samples of
central galaxies from the MGS: the overall sample, which
we will use as a control sample, a sample of optical AGN
within the MGS selected using spectral line diagnostics, and
a sample of dusty AGN selected from the MGS using broad-
band colors from WISE data. Like Mendez et al. (2016), we
will control for sample selection effects the estimated halo
masses. In §2 we present our data, including the sample of
central galaxies, with relevant background on how we mea-
sure Lsat. In §3 we present the Lsat results for the different
samples of galaxies. Due to the limited size of these samples,
we focus on the statistical significance of the result, present-
ing multiple ways to analyze the results. In §4 we will com-
pare our results to previous data and discuss them in the
context of the unified AGN model. For all distance calcula-
tions we assume a flat, ΛCDM cosmology with Ωm = 0.3.
2 DATA
This analysis is based on the sample of MGS central galax-
ies and Lsat measurements from Alpaslan & Tinker (2019).
This sample is constructed from the NYU Value-Added
Galaxy Catalog (NYU-VAGC; Blanton et al. 2005). Specif-
ically, we use the magnitudes, redshifts, and positions from
the dr72bright34 sample. Derived galaxy quantities, specif-
ically Dn4000 and AGN classification, are obtained from
the MPA-JHU value-added catalog3. The MPA-JHU cata-
log corresponds to the DR8 SDSS public data release, which
contains all galaxies in the DR7 sample. Additional photo-
metric data is from the DECALS Legact Imaging Surveys
3 https://www.sdss3.org/dr10/spectro/galaxy mpajhu.php
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(DLIS; Dey et al. 2019), which is a combination of DECam
data at declination 6 30◦ and Kitt Peak data at higher decli-
nation. Although the current DLIS data release is DR8 (NB,
this numbering scheme is distinct from the SDSS DR num-
bers), the Alpaslan & Tinker (2019) results use DR6 (from
Kitt Peak) and DR7 (from DECam) results. The DR6+DR7
combined photometry covers roughly 75% of the final MGS
footprint. We detail our samples, and how these data are
used, further in this section.
2.1 Total Satellite Luminosity
Total satellite luminosity is a method for probing the re-
lationship between galaxies and halos. The amount of sub-
structure within a dark matter halo is roughly self-similar
with the mass of the halo. These substructures will con-
tain faint satellite galaxies, thus the total amount of light
in satellite galaxies is a strong probe of the dark matter
halo around the galaxy that sits at the center of that halo.
Most satellite galaxies are below the magnitude limit of the
MGS spectroscopic sample, thus the Lsat measurements re-
quire using deeper imaging data. In Tinker et al. (2019b),
we used DLIS data as our source of imaging due to its in-
creased depth and better resolution over legacy SDSS imag-
ing. The typical r-band depth of the DLIS data is r ≈ 24,
as compared to the MGS spectroscopic limit of r = 17.7. To
measure Lsat, we sum the total r-band light from imaging
galaxies, excluding the spectroscopic central galaxy, within a
50 h−1kpc (comoving) aperture. To estimate what fraction
of those galaxies are associated with the halo, as opposed
to random interlopers projected along the line of sight, we
measure the expected interloper contribution from randomly
placed apertures of the same size. For both central galaxies
and randomly placed apertures, we require that there are no
other MGS spectroscopic galaxies within the aperture. Af-
ter subtracting off the background contribution for a given
central galaxy, we calculate luminosity by assuming that all
objects are at the redshift of the central galaxy. We limit the
Lsat value to satellites brighter than Mr−5 log h = −14. We
refer the interested reader to Tinker et al. (2019a) for a com-
prehensive description of the measurements and tests of the
method.
Measurements of Lsat for a single galaxy are, of course,
too noisy to be of much use. A significant fraction of galaxies
have negative values of Lsat simply due to random variation
in the background galaxy counts, as well as fluctuations in
the intrinsic number of satellites in a give halo. Thus, we
stack central galaxies and take the average Lsat values. In
Alpaslan & Tinker (2019), we demonstrated that Lsat cor-
relates strongly with M∗, as expected from the correlation
between M∗ and Mh. At fixed M∗, Lsat also correlated with
other galaxy properties, implying that these properties carry
information about the halos they live in, beyond the infor-
mation encoded in their stellar masses. Alpaslan & Tinker
(2019) used additional data—the large-scale density around
the satellite galaxies— to break this degeneracy between
Mh and halo assembly bias. Here, due to lack of statistics
to probe environments, we focus on the Lsat measurements
themselves as a test of whether the halo around different
types of AGN are distinct from each other and distinct from
the overall non-AGN population.
2.2 Central Galaxies
To characterize MGS galaxies we use stellar masses using
the PCA method of Chen et al. (2012). This is the same
stellar mass definition employed in Tinker et al. (2019a)
and Alpaslan & Tinker (2019). All analyses in this paper
are performed on galaxies that are inferred to be central
within their dark matter halo. Although there is a popu-
lation of AGN within the set of satellite galaxies (Pasquali
et al. 2009), Lsat measurements are much more difficult to in-
terpret for satellites, as the number of faint galaxies around
a satellite is more a function of host halo and the satellite’s
position within it. For central galaxies, Lsat is direct probe
of the host dark matter halo.
Methods to determine whether or not a galaxy is a cen-
tral will always yield a sample with some amount of incom-
pleteness and impurities. Group catalogs on volume-limited
samples can construct sets of central galaxies with both high
completeness and purity (Tinker et al. 2018), but requiring
that the galaxy sample be volume-limited is highly restric-
tive. Given the low frequency of AGN, being able to analyze
the largest possible parent sample of galaxies is paramount.
In this paper we use the ‘central galaxy finder’ introduced
in Tinker et al. (2019a), and used in Alpaslan & Tinker
(2019). In tests using a mock flux-limited MGS-like sample,
and using a restrictive criteria to minimize impurities, this
method yields a sample of central galaxies that is 93% pure
and 72% complete. The small amount of satellite galaxies
that make it into this ‘pure’ central sample do impact the
average Lsat measured in bins of central galaxy stellar mass;
at M∗ . 1010.5 M, impurities increase Lsat by 0.1-0.2 dex,
while for more massive galaxies the impacts are nearly negli-
gible. Because AGN have roughly the same satellite fraction
as the overall galaxy population (Pasquali et al. 2009), this
should not bias the comparison of Lsat between AGN sam-
ples and non-AGN samples.
2.3 AGN Selection
Optically-selected AGN are taken from the public MPA-
JHU DR8 catalog. The selection is described in Brinchmann
et al. (2004) and Kauffmann et al. (2003). It is based on the
BPT (Baldwin et al. 1981) line-ratio diagnostic to separate
star-forming and active galaxies. The sample we use is a
strict AGN classification, removing galaxies with line ratios
indicative of LINERS and composite spectra. From 559,028
galaxies in the NYU-VAGC sample, 17,272 of them match
this classification. After restricting the sample to be only
‘pure’ central galaxies, removing objects that have MGS in-
terlopers along the line of sight, and choosing only galaxies
that lie in the overlap with DLIS DR6+DR7 imaging, the
number of optical AGN used in the analysis is 4,432.
Infrared-selected AGN are identified through the use of
WISE photometry available in the DLIS public data release
(Dey et al. 2019). Many studies have shown WISE color-
color analysis can effectively isolate dust-obscured AGN
from the general galaxy population (Jarrett et al. 2011; Yan
et al. 2013; Satyapal et al. 2014) In this work, we use the
unWISE co-added data, with forced photometry for DLIS
optical sources, from Lang (2014). All MGS objects are de-
tected in the DLIS imaging where the two surveys overlap,
and matched catalogs between the DLIS data releases and
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Figure 1. Selection of dust-obscured AGN in WISE color-color
space. The axis labels indicate the WISE bands used in each color.
The grayscale represents the number density of MGS galaxies at
each point in color space, using a logarithmic color scale. The blue
crosses show a random sample of galaxies that are identified as
AGN using the BPT line diagnostics in the MPA-JHU catalog.
The red circles are objects contained within the green trapezium
in the upper right. These frequency of these objects is 3.1% of
the overall sample. These color cuts are taken from Jarrett et al.
2011, optimized to find dust-obscured AGN. The frequency of
these objects is 0.8% of the full sample.
the SDSS Legacy samples are provided on the DLIS pub-
lic pages4. Figure 1 shows a subsample of MGS galaxies in
WISE color-color space. Those objects that are also identi-
fied as optical AGN using the line diagnostics are also indi-
cated. The green trapezium shows the AGN selection from
Jarrett et al. (2011). In the NYU-VAGC, 1,942 objects pass
this selection. After trimming the catalog in the same man-
ner as for the BPT selection, the final number of WISE AGN
used in the analysis is 449.
2.4 Host galaxy properties
The host galaxy properties of these two AGN samples, rela-
tive to the overall sample of MGS central galaxies, is shown
in Figure 2. To characterize these populations, we use galaxy
stellar mass, the broadband g−r color, and the 4000-A˚ break
in the galaxy spectra, Dn4000. The g − r color is sensitive
to both the age of the stellar population and the amount of
dust in the host galaxy. A value of g − r = 0.8 is a rough
break-point between the blue cloud and red sequence. The
4000-A˚ break is also sensitive to the mean stellar age of the
host galaxy, but is largely insensitive dust content, mak-
ing it a more efficient diagnostic for identifying star-forming
and quiescent galaxies. For the overall galaxy population,
the distribution of Dn4000 is more clearly bimodal than the
color distribution. A break-point of Dn4000 = 1.6, at the
4 http://legacysurvey.org/
minimum between the two modes, is a reasonable separation
point between star-forming and quiescent galaxy samples.
For both AGN samples the median stellar mass is
∼ 1010.8 M, with a dearth of both very massive and low-
mass galaxies. The host galaxies of BPT-AGN have redder
broadband colors than the overall sample, but the distribu-
tion is unimodal and peaks at the valley between the two
modes in the MGS distribution. Additionally, the Dn4000
values also peak at the transition point between star-forming
and quiescent populations, as shown by Kauffmann et al.
(2003). The fraction of BPT host galaxies above the break-
point in color is 52%, while the fraction at Dn4000 > 1.6
is 47%. The g − r color distribution for WISE-AGN host
galaxies is also unimodal, but the peak is shifted slightly
blue-ward of the BPT distribution. The mean sellar ages of
the WISE host galaxies, however, are clearly indicative of
a sample of actively star-forming galaxies. The fraction of
WISE-AGN host galaxies in the red sequence is 34%, but
the fraction categorized as quiescent by their Dn4000 break
is only 15%. This is consistent with the IR-selected AGN
sample in Mendez et al. (2016), which were predominantly
star-forming objects, as well as the z ∼ 0 of WISE-selected
AGN in Weston et al. (2017).
3 RESULTS
We are asking three distinct questions: Are the halos of
WISE-AGN distinct from the overall non-AGN population?
Are the halos of BPT-AGN also distinct from the overall
galaxy population? And last, are the halos of the different
AGN classes distinct from each other? We will investigate
these questions in three different ways: by directly measuring
the Lsat-M∗ relations for the three different samples, by com-
paring the mean Lsat of the AGN samples to the expected
mean given the stellar mass distribution of the samples, and
by use of a permutation test.
3.1 Mean Lsat
Figure 3 shows the mean Lsat as a function of M∗, taken
from Alpaslan & Tinker (2019). In each bin, the error is
calculated using 100 bootstrap resamples of the sample of
central galaxies. The mean Lsat for AGN identified in the
BPT sample are shown with the blue symbols. The results
are noisy at M∗ . 1010 M, but within the errors the Lsat
values for BPT AGN are either consistent with, or slightly
higher than, the overall sample of central galaxies. In subse-
quent subsections we will make this comparison more quan-
titatively. The Lsat values for the WISE-AGN, however, are
clearly above the mean relation. The small sample size yields
large statistical errors for the WISE-AGN sample. Thus, if
one were to calculate these two sets of measurements using
a χ2 statistic, one would find minimal difference between
the two samples. However, it is worth noting that all the
values of Lsat for the WISE-AGN are above the mean re-
lation. And if the measurements for this sample are merely
statistical fluctuations, those fluctuations would need to go
in the same direction for the vast majority of the sample.
We present our statistical tests of this scenario presently.
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Figure 2. Properties of the AGN samples relative to the overall MGS sample of central galaxies. Top Row: Comparison of the normalized
distributions, n, of stellar mass, g − r color, and Dn4000 for the WISE-selected sample. Bottom Row: Same as the top row, but now for
the distribution of BPT-selected AGN.
Figure 3. The mean Lsat as a function of central galaxy stellar
mass, M∗. The gray connected circles show the relation for the
full sample of central galaxies. The connected blue circles show
the relation for the BPT-selected AGN sample. The connected
red circles show the relation for the WISE-selected AGN sample.
For each data point, the error bar is estimated using bootstrap
resampling of the central galaxy samples.
3.2 Are the Lsat values different?
Figure 4 shows our first quantitative test of the three popu-
lations of central galaxies. As demonstrated in Figure 3, Lsat
depends strongly on M∗. However, binning the AGN sam-
ples by M∗ only reduces the numbers of objects to work
with, making it difficult to determine whether the AGN
samples are above the mean. Thus, we define a quantity
χ = Lsat/Lexp, where Lexp is the “expected” value of Lsat
at a given value of M∗, given the mean relation in Fig-
ure 3. For the sample of BPT-AGN, the mean value is
χ¯ = 1.29 ± 0.13. For the sample of WISE-AGN, the mean
value if χ¯ = 2.42 ± 0.64. For both these measurements, the
error in the mean is estimated by bootstrap resampling on
the AGN sample. The bootstrap distributions of χ¯ for both
BPT and WISE samples are shown in Figure 4. From the
bootstrap analysis alone, WISE-selected AGN live in halos
that have Lsat values 1.88± 0.52 higher.
From the host galaxy properties in Figure 2, we note
that M∗ is not the only galaxy parameter that may have
an impact on Lsat and the expected halo mass. Using weak
lensing Mandelbaum et al. (2016) found strong bimodality in
the halo halo masses of massive red and blue central galaxies,
with red galaxies occupying higher mass halos. These results
agree well with the Lsat results in Tinker et al. (2019a) for
red and blue subsamples, under the assumption that Lsat is
a function of Mh only. Going beyond a simple red-blue split
of the galaxy population, Alpaslan & Tinker (2019) found
that Lsat correlated continuously with Dn4000 at fixed M∗,
with a minimum at the green valley. Given that the peak of
the Dn4000 distribution for BPT-AGN is in the green valley,
we can ask what χ¯ is for a random sample of central galaxies
with both the same M∗ and Dn4000 distributions.
The gray histograms in Figure 4 show the distribution
of χ¯ values for random samples of the non-AGN galaxy pop-
ulation, selected such to match the distributions of M∗ and
Dn4000, and matching the number of objects in each sam-
ple. For the random sample tailored to the WISE-selected
sample, χ¯ is unbiased relative to the the general population.
The results for the BPT-like random sample is quite differ-
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Figure 4. The probability distribution functions of the quantity χ¯, defined as the mean of Lsat/Lexp. In both panels, the gray histograms
show the distributions of χ¯ for random samples of the population of non-AGN central galaxies, where each random sample has the same
size as the AGN sample. The random selection is weights such that the distribution of M∗ in the AGN sample is matched. Note the
difference in the x-axis ranges in both panels; because the BPT-AGN sample is ∼ 10 times larger, the width of the χ¯ PDF is significantly
smaller. In each panel, the colored histogram is the distribution of χ¯ from bootstrap resampling.
ent. Given their location in the green valley, χ¯ for the BPT-
matched random sample is significantly lower than expected
by M∗ alone, with a χ¯ = 0.83±0.09. Combining this with the
bootstrap results of χ¯ for the BPT-AGN, these AGN have
Lsat values 1.54±0.16 times higher than expected from given
the demographics of their host galaxies.
Thus, when controlling for both stellar mass and star
formation in the comparison of the χ¯ values for the WISE
and BPT samples, the ratio of WISE/BPT is 1.57 ± 0.44.
The WISE AGN live in halos with higher Lsat values, but
the statistical significance of this result is very low, at only
1σ.
3.3 Permutation tests
In order to assess the statistical significance of the differences
between the Lsat values of the different AGN populations,
we perform a permutation test (also referred to as a random-
ization test). For two given samples of observations A and B
with means x¯A and x¯B a permutation test can measure, by
examining the difference between the two sample means, the
statistical significance of the null hypothesis H0 that both
A and B are drawn from the same parent distribution. In
practice, the test is simple to perform: the difference between
both means, T0, is computed. Following this initial calcula-
tion, all observations from A and B are pooled together and
resampled at random into new subsamples according to the
relative sizes of both samples (NA and NB). The difference
of means is calculated again, and this procedure is repeated
for every possible permutation of A and B, yielding a distri-
bution of the difference of means. Where T0 lies relative to
this distribution then allows one to accept or reject the null
hypothesis. Our expectation is that the results of these tests
should generally follow those from the previous subsection,
but they are a quantitatively distinct test.
In our implementation of the permutation test, we set
NA = NB and, when comparing MGS galaxies to AGN sam-
ples, randomly sample the larger of the two populations such
that the distribution of galaxy properties matches the sam-
ple selection of the smaller sample. We perform the test for
a total of 1,000 random samples from the larger popula-
tion, where the results have converged. Each test yields a
deviate—a location of T0, in the range of [0,1], in the distri-
bution created by the permutations. For example, a deviate
of 0.5 is exactly at the median of the permutations, and a
value of 0.99 means the null hypothesis can be excluded at
3σ confidence.
In Figure 5 we show ‘violin’ plots of the results of per-
forming permutation tests on the different AGN samples we
have examined in this work. In the first two violins, we have
sampled the the MGS galaxies to match the distribution of
stellar masses of the AGN samples. The figure shows the dis-
tribution of deviates, with the central thick bar displaying
the inner-50% range; the horizontal black line displaying the
median, and the full distribution being shown as the wings
of the violins. The horizontal gray lines show the 1σ - 3σ
significance values. One final consideration is that for the
purposes of our results, we can reject the null hypothesis if
the statistical significance of the difference in the means is
positive or negative. In other words, if the full distribution
of the mean differences were normally distributed around 0
with a nonzero standard deviation, we can reject the null
hypothesis if the difference between the two means were on
the positive or negative tail of the distribution, so long as it
was at or above 3σ significance. For this reason, in Figure 5
we only show the deviates from 0.5 to 1, and when perform-
ing the actual calculation we map all deviate values below
0.5 to be between 0.5 and 1. We note that this only impacts
the results for the BPT-MGS comparison.
We will discuss the permutation results presented in
Figure 5 from left to right. For the BPT-MGS comparison,
we cannot reject the null hypothesis that these two samples
have the same distribution of Lsat values, and thus the same
dark matter halos. For the WISE-MGS comparison, on the
other hand, we can reject the nll hypothesis. Greater than
75% of the deviates are above the 2σ line. Additionally, but
MNRAS 000, 1–10 (0000)
Halos of AGN 7
0.
5
0.
6
0.
7
0.
8
0.
9
1.
0
BPT-MGS WISE-MGS WISE-BPT WISE-BPT (matched)
De
via
te
s o
f t
he
 re
sa
m
ple
d 
m
ea
n 
dif
fe
re
nc
es
Figure 5. Violin plots showing the distributions of deviates gen-
erated in 1,000 realizations of the permutation test for all AGN
samples. See text for details on our implementation of the test.
For the first three violins, results only control for stellar mass
in the comparison of the distributions. The grey horizontal lines
denote quantiles that correspond to a 1σ, 2σ, and 3σ deviate
respectively. These results suggest that there is an almost 3σ sig-
nificance in the permutation test result between WISE-selected
and BPT-selected AGN, when controlling for stellar mass. The
right violin (labeled as “matched”), however, shows how this re-
sult is mitigated when controlling for Dn4000 in the comparison
as well.
with somewhat less confidence, we reject the null hypoth-
esis that the WISE and BPT samples are drawn from the
same distribution. These results are in agreement with the
χ¯ results from Figure 4. We note again that these first three
results only control for stellar mass in the permutation tests.
The last violin shows the WISE-BPT comparison, now con-
trolling for both M∗ and Dn4000. Here, as in the previous
subsection, the significance of the difference between the two
samples is eliminated, implying that the difference in the two
sets of halos is driven mostly by the star-forming properties
of their host galaxies.
Figure 6 explores the BPT-MGS comparison in more
detail. The first two violins compare the two samples, but for
only quiescent and star-forming galaxies, respectively, from
both samples. Here we use Dn4000 = 1.6 to separate the two
samples. In contrast to the BPT-MGS comparison in FIgure
5, we can reject the null hypothesis at ∼ 2σ for each sub-
sample. The right-most violin shows a full comparison, but
now matching the distribution of both M∗ and Dn4000. In
this comparison, we can reject the null hypothesis at nearly
3σ.
4 SUMMARY AND DISCUSSION
In this paper we have provided multiple ways to test whether
optically-selected AGN and IR-selected AGN are part of the
same overall population of objects, and whether either either
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Figure 6. Violin plots for the comparison of the BPT-AGN sam-
ple to the non-AGN sample. From left to right, the three violins
indicate the distribution of deviates for galaxies (and AGN host
galaxies) classified as “red” (quiescent) by their Dn4000 value,
galaxies classified as “blue” (star-forming) by Dn4000, and where
the MGS population is sampled to match both the stellar masses
and Dn4000 values of the BPT-AGN sample.
sample live in distinct halos from the general population of
galaxies.
The Lsat measurements demonstrate that both samples
of AGN live in distinct halos from the general population
when controlling for stellar mass and mean stellar age. For
the χ¯ test, the WISE-selected AGN have higher Lsat values
at ∼ 2σ level, while in the permutation test the WISE popu-
lation of halos is distinct from a random sample at nearly 3σ
For the BPT-selected AGN, the χ¯ test finds that the halos of
these AGN have higher Lsat values at 3σ significance, while
the permutation test settles in to just under 2σ confidence.
We note that, when only controlling for stellar mass and
not for Dn4000, the conclusions for the WISE-AGN sam-
ple are unchanged, but the evidence for BPT-AGN being in
different halos would be substantially weaker.
The clustering study of Li et al. (2006) is closest to our
Lsat analysis in terms of sample selection and systematic
controls. They compared the clustering of AGN in SDSS to
samples of galaxies controlled by various properties, includ-
ing M∗ and Dn4000. They found that AGN were less clus-
tered than the control samples, more so when Dn4000 was
used as part of the control sample. This is the opposite of the
signal measured here. The AGN sample they used, however,
is significantly different. They included LINERS and com-
posite spectra, yielding a sample significantly larger than
ours. If AGN selection is the cause of the difference, then
the additional populations in their AGN would have to be in
significantly lower mass halos than Seyfert objects. If sam-
ple selection is not the explanation, then galaxy assembly
bias could reconcile these results—as discussed in the intro-
duction, halos with more substructure tend to have weaker
clustering at fixed Mh, implying that late-forming halos are
MNRAS 000, 1–10 (0000)
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Figure 7. left Panel: Normalized distributions of logL[OIII] in MGS galaxies identified as AGN in their spectra. [OIII] luminosity values
are given in units of solar bolometric luminosity, in the same manner as in Kauffmann et al. 2003. Right Panel: Normalized distributions
of Dn4000 AGN. The blue histogram is all BPT AGN, while the red histogram are those AGN that lie within the WISE selection box
in Figure 1. The dark green curve is the distribution of Dn4000 of the BPT sample, when weighted to match the L[OIII] distribution
of WISE AGN. Although the mode of the weighted distribution is shifted to lower Dn4000, a KS test yields a probability that the red
histogram is drawn from the green distribution at 10−21.
more likely to undergo AGN activity. Further study is re-
quired to reconcile these results.
A third method of obtaining halo massess—distinct
from both clustering and Lsat—is galaxy group catalogs.
Weston et al. (2017) use a similar WISE color selection to
find dusty AGN in the SDSS MGS for the purpose of in-
vestigating merger activity. They obtain halo masses from
the group catalog of Yang et al. (2007). When restricting
to a sample of interacting and merging galaxies, the same
of WISE AGN is only 18 systems. Within this sample, the
median halo mass for central galaxies is 0.2 dex smaller
than that of the non-AGN sample. However, given the lim-
ited sample size, a KS test yields a PKS-value of 0.1. Fur-
ther, the Yang catalog—along with most other group-finding
algorithms—use the total stellar mass of the group to match
to halo mass. Thus, when the central galaxy dominates the
stellar mass of the group—as it does at the mass scales
probed here (e.g., Leauthaud et al. 2012)—the group finder
can yield biases when assessing the halo masses of groups
with similar M∗ values for the central galaxy (Campbell
et al. 2015). The Lsat method is optimal at differentiating
halo masses for these types of samples.
Do the two AGN samples reside in different halos? In a
strict interpretation of that question, WISE-selected AGN
live in halos roughly twice as massive as BPT-selected AGN.
The distribution of M∗ for both AGN samples peaks at
1010.8 M. At this stellar mass, the mean halo mass is
∼ 1012.2 h−1M (cf., the compilation of SHMR results in
Figure 2 of Wechsler & Tinker 2018). At this halo mass
scale, Lsat corresponds nearly linearly to Mh. Thus, under
the interpretation that the differences in Lsat are driven by
changes inMh, the χ¯ results from Figure 3 imply halo masses
for the two AGN samples of logMWISE = 12.58 ± 0.11 and
logMBPT = 12.31 ± 0.04. The difference between the two
halo masses, 0.27 ± 0.12 dex, is consistent within 1σ with
the results of DiPompeo et al. (2017) who find ∆ logMh =
0.45± 0.13 dex.
However, half of the difference in Mh between the two
AGN samples can be explained by differences in the host
galaxy population. In Figure 2, the stellar mass and color
distributions of the two AGN populations are similar, but
the Dn4000 values are clearly distinct. Most BPT AGN re-
side in the transition region between star-forming and qui-
escent populations. Given the limited statistics of the WISE
sample, once the differences Dn4000 are controlled, we can-
not rule out the null hypothesis that the difference in Lsat
values is driven entirely by the difference in host galaxy
properties.
The host galaxy properties themselves offer additional
insight. If orientation angle is the only thing that separates
dusty AGN from the rest of the population, then the prop-
erties of their host galaxies should be the same. Now, the
Dn4000 distributions in Figure 2 by themselves are not in-
dication of a fundamental difference in the two populations
of AGN; rather, it may indicate selection bias in the con-
struction of the samples. Mendez et al. (2016) also find that
IR-selected AGN have a bias toward star-forming galaxies.
Kauffmann et al. (2003) demonstrated that the AGN lumi-
nosity, quantified through the luminosity on the [OIII] emis-
sion line, correlates with Dn4000 such that stronger AGN
have younger stellar populations. The left-hand side of Fig-
ure 7 shows the distributions of logL[OIII] in the BPT sample
and the subsample that are also contained within the WISE
selection box in Figure 1. Dusty AGN are much stronger
AGN than the typical population. Does this account for the
differences in their Dn4000 values? The right-hand side of
Figure 7 shows that the AGN luminosity accounts for part
of the difference, but cannot fully explain the difference in
the host galaxy distributions. The red and blue histograms
reproduce the Dn4000 distributions from Figure 2. The solid
curve shows the distribution for the BPT sample, weighted
to reproduce the distribution of logL[OIII] for the WISE
subsample. Although controlling for luminosity brings the
Dn4000 distributions in closer agreement—just as control-
ling for Dn4000 brings the Lsat values closer—they are still
clearly distinct distributions in Dn4000.
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Future low-redshift data will aide in addressing these
questions. The Bright Galaxy Survey of the Dark Energy
Spectroscopic Instrument (DESI-BGS; DESI Collaboration
et al. 2016) will produce an r-band limited spectroscopic sur-
vey complete to r = 19.5, roughly two magnitudes fainter
than the MGS. This will yield a sample similar in character-
istics to the MGS, but larger by volume and number by a fac-
tor of 20. This will increase the statistics such that the mean
Lsat-M∗ relation, as in Figure 3, will be a highly discriminat-
ing diagnostic. Measurements of Lsat as a function of host
halo and AGN properties will provide the leverage necessary
to better understand the relationship between halo growth,
galaxy growth, and growth of their supermassive black holes
in the local universe.
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